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Billman GE, Harris WS. Effect of dietary omega-3 fatty acids on the heart rate and the heart rate variability responses to myocardial ischemia or submaximal exercise. Am J Physiol Heart Circ Physiol 300: H2288 -H2299, 2011. First published April 1, 2011; doi:10.1152/ajpheart.00140.2011.-The consumption of omega-3 polyunsaturated fatty acids (n-3 PUFAs) has been reported to decrease resting heart rate (HR) and increase heart rate variability (HRV). However, the effects of n-3 PUFAs on these variables in response to a physiological stress (e.g., exercise or acute myocardial ischemia), particularly in postmyocardial infarction (MI) patients, are unknown. Therefore, HR and HRV (high frequency and total R-R interval variability) were evaluated at rest, during submaximal exercise, and during a 2-min coronary artery occlusion at rest and before and 3 mo after n-3 PUFA treatment in dogs with healed MI (n ϭ 59). The dogs were randomly assigned to either placebo (1 g/day corn oil, n ϭ 19) or n-3 PUFA supplement (docosahexaenoic acid ϩ eicosapentaenoic acid ethyl esters; 1 g/day, n ϭ 6; 2 g/day, n ϭ 12; or 4 g/day, n ϭ 22) groups. The treatment elicited significant (P Ͻ 0.01) dose-dependent increases in right atrial n-3 PUFA levels but dose-independent reductions in resting HR and increases in resting HRV. In contrast, n-3 PUFAs did not attenuate the large changes in HR or HRV induced by either the coronary occlusion or submaximal exercise. These data demonstrate that dietary n-3 PUFA decreased resting (i.e., preexercise or preocclusion) HR and increased resting HRV but did not alter the cardiac response to physiologic challenges. parasympathetic nervous system; exercise; fish oil; docosahexaenoic acid; eicosapentaenoic acid ALTERATIONS IN CARDIAC AUTONOMIC regulation have been implicated in an increased risk for sudden cardiac death (5) . In particular, reduced cardiac parasympathetic activity coupled with an enhanced sympathetic activation in both patients and animals following myocardial infarction is associated with an increased incidence of malignant ventricular tachyarrhythmias and sudden cardiac death (5) . Therefore, considerable effort has been expended in the search for therapeutic interventions that improve cardiac balance and could thereby protect against sudden death in high-risk patient populations.
To be effective, these interventions must not only improve baseline or resting cardiac autonomic balance but also maintain these changes when the heart is challenged by a physiologic stress such as acute myocardial ischemia or exercise. For example, low doses of cholinergic muscarinic antagonists (atropine or scopolamine) have, paradoxically, been shown to enhance resting cardiac vagal regulation in both humans (14, 19, 32) and animals (23, 29) . It was therefore proposed that the continuous administration of low doses of muscarinic antagonists could improve cardiac vagal regulation and, as a consequence, would also reduce the incidence of sudden cardiac death in myocardial infarction patients (14, 19) . However, these interventions failed to prevent ventricular fibrillation induced by myocardial ischemia (23, 29) despite significant increases in resting time and frequency domain markers of heart rate variability (HRV; indexes of cardiac parasympathetic regulation; Refs. 2, 48) . It was subsequently shown that low doses of atropine did not alter the cardiac autonomic response elicited by either submaximal exercise or acute myocardial ischemia (23) . Thus the search for effective interventions that improve autonomic balance both at rest and during stress condition remains elusive.
A number of experimental and clinical studies report that dietary omega-3 polyunsaturated fatty acids (n-3 PUFAs; Ref. 16) or the acute intravenous administration (9) of these lipids can both lower resting heart rate (HR) and increase resting HRV, data consistent with an enhanced baseline cardiac parasympathetic tone. It has been proposed that the cardiovascular benefits ascribed to dietary n-3 PUFAs could result, at least in part, from these reductions in HR and the corresponding putative improvements in cardiac autonomic balance (16) . However, this concept has been challenged (11, 22, 24) and, to date, the effects of dietary n-3 PUFA on HR and HRV during physiological stress have received little attention. In a similar manner, several lines of evidence suggest that the modulation of cardiac autonomic function may not be solely responsible for the n-3 PUFA-induced reductions in HR. For example, the acute application of n-3 PUFA reduced the contraction rate of neonatal rat myocyte cultures (31) while dietary n-3 PUFA supplements decreased HR of isolated rat atria (33) and cardiac transplant patients (25) . A reduced pacemaker current (I f ) density has also been recorded in sinus nodal myocytes from rabbits fed n-3 PUFAs compared with cells from the hearts of animals given similar amounts of sunflower oil (50) . However, whether these changes in intrinsic pacemaker rate are maintained during physiological stress also remains to be determined.
It was, therefore, the purpose of the present study to evaluate the effects of dietary n-3 PUFAs (1-4 g/day for 3 mo) on the HR and the HRV responses to physiological stressors [exercise (submaximal exercise, assessed at its onset and at its termination) and acute myocardial ischemia (2-min coronary artery occlusion)] in dogs with healed myocardial infarctions. In particular, the hypothesis that the dietary n-3 PUFA-mediated reductions in HR and increases in HRV would be maintained during a physiologic challenge was tested.
METHODS
All the animal procedures were approved by the Ohio State University Institutional Animal Care and Use Committee and conformed to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH publication no. 85-23, revised 1996).
Surgical Preparation
A timeline for the studies may be found in Fig. 1 . Eighty heartworm free mixed breed dogs (2-to 3-yr-old male, n ϭ 21, and female, n ϭ 59) weighing 19.3 Ϯ 0.2 kg (range: 13.6 -25.9 kg) that were part of an ongoing investigation of the cardiovascular effects of dietary n-3 PUFA (11) were used in this study. The animals were anesthetized and instrumented to measure a ventricular electrogram (from which HR and HRV were subsequently determined) and left circumflex coronary artery blood flow as previously described (3, 11) . A hydraulic vascular occluder (model OC3; In Vivo Metric, Healdsburg, CA) was placed around the left circumflex coronary artery and used to induce acute myocardial ischemia for the coronary occlusion experiments described below (see HRV Protocols). The left anterior descending coronary artery was also isolated during the instrumentation surgery, and a two-stage occlusion of this artery was then performed approximately one-third the distance from its origin to produce an anterior wall myocardial infarction (ϳ16% of left ventricular mass; Ref.
3). This vessel was partially occluded for 20 min and then tied off. Similar instrumentation surgery was performed on six additional sham infarction dogs (i.e., the left anterior descending artery was isolated but not ligated). The dogs were given analgesic, antibiotic, and anti-arrhythmic therapy to alleviate postoperative pain, to prevent postoperative infection, and to reduce acute arrhythmias associated with the myocardial infarction as has been previously described (3, 11) .
HRV Protocols
HRV was calculated using a Delta-Biometrics vagal tone monitor triggering off the ECG R-R interval (Urbana, Champaign, IL). This device employs the time-series signal processing techniques as developed by Porges to estimate the amplitude of respiratory sinus arrhythmia [the high frequency (HF) component of R-R interval variability; Ref. 42] . Details of this analysis have been described previously (6, 28) . Data were averaged over 30-s intervals either during exercise or the coronary occlusion. The following indexes of HRV were determined: vagal tone index, the HF (0.24 to 1.04 Hz) component of R-R interval variability, and standard deviation (SD) of the R-R intervals (a marker of total variability) for the same 30-s time periods.
The studies began 3-4 wk after the production of the myocardial infarction. Fifteen (18.8%, 6 males, 9 females) died within 72 h of the myocardial infarction, and reliable ECG recordings could not be obtained in six dogs (1 male and 5 females). Thus HRV studies were completed on 59 (14 male and 45 female) dogs following the myocardial infarction and all six sham-operated dogs. First, over the period of 3-5 days, the dogs learned to run on a motor-driven treadmill. The cardiac response to submaximal (i.e., 60 -70% of maximal HR) exercise was then evaluated as follows: exercise lasted a total of 18 min with workload increasing every 3 min. The protocol began with a 3-min "warm-up" period, during which the dogs ran at 4.8 kph at 0% grade. The speed was then increased to 6.4 kph, and the grade was increased every 3 min (0, 4, 8, 12, and 16%). The submaximal exercise test was repeated three times (1/day). On a subsequent day, with the dogs lying quietly unrestrained on a table, a 2-min left circumflex coronary occlusion was made. Left circumflex blood flow, HR, and HRV were monitored continuously throughout the exercise or occlusion studies. The submaximal exercise and the coronary occlusion at rest studies were performed both before and after 3 mo of treatment with either placebo (1 g/day corn oil) or daily n-3 PUFA capsules (1-4 g/day).
Dietary Omega-3 Polyunsaturated Fatty Acid Protocol
The dogs were place on a diet that did not contain any n-3 PUFAs (Harlan Teklad; Harlan Laboratories, Indianapolis, IN) beginning 1 wk before the instrumentation surgery and were maintained on this diet until the end of the study (ϳ4 mo). After the pretreatment data collection (3-4 wk after the surgery) had been collected, the dogs were then randomly assigned to the following groups: placebo (n ϭ 19, 3 male and 16 female); 1 g/day n-3 PUFA (n ϭ 6, all female); 2 g/day n-3 PUFA (n ϭ 12, 7 male and 5 female); 4 g/day n-3 PUFA (n ϭ 22, 4 male and 18 female); and sham 4 g/day sham (n ϭ 6, 1 male and 5 females). The dogs were given supplements similar to those used in the GISSI-Prevenzione study (20) . The n-3 PUFA group received 465 mg ethyl eicosapentaenoate (EPA) ϩ 375 mg ethyl docosahexaenoate (DHA) (375 per capsule; Lovaza; GlaxoSmithKline, Research Triangle Park, NC). The placebo was corn oil (1 g, 58% linoleic acid ϩ 28% oleic acid). The capsules were given per os before the daily feeding (between 8:00 and 10:00 AM each day, 7 days per wk for 3 mo).
Red Blood Cell and Cardiac Tissue Fatty Acid Analysis
Fasting blood samples (5 ml) were drawn into EDTA tubes from a cephalic vein between 8:00 and 9:00 AM 1 day before the initiation of the treatment (placebo or n-3 PUFA) and when tissue was harvested at the end of the study (ϳ14 wk after the treatment began). Right atrial and left ventricular tissues were obtained when the hearts were harvested; the tissue and red blood cells (RBC) were flash frozen in liquid nitrogen and stored at Ϫ80°C for future analysis.
RBC and phospholipids from cardiac tissue were analyzed for fatty acid composition using previously described techniques (12, 35) . The samples were analyzed by gas chromatography using a GC2010-FID (Shimadzu, Columbia, MD) equipped with a 100-mm capillary column (SP-2560; Supelco, Bellefonte, PA). Fatty acids of interest were identified by comparison with known standards and expressed as a percentage of total fatty acids. The coefficient of variation for the RBC EPA ϩ DHA assays was Ͻ 5%.
Data Analysis
All data are reported as means Ϯ SE. The data were digitized (1 kHz) and recorded using a Biopac MP-100 data acquisition system (Biopac Systems, Goleta, CA). The HR and HRV data were averaged over 30-s intervals either during exercise or the coronary occlusion. The following time points were evaluated for the exercise trials: the last 30 s before the onset of exercise, from 0 to 30 s, from 30 to 60 s, and from 90 to 120 s after exercise onset; and for recovery from exercise: the last 30 s of exercise, from 0 to 30 s, from 30 to 60 s, and from 90 to 120 s after the termination of exercise. The values averaged over these time periods are reported as time 0, 30, 60, and 120 s, respectively. ECG variables were averaged over the last five beats before and 60 s after the onset of the coronary occlusion. QT interval was corrected for changes in HR using Van de Water's correction formula [QTc ϭ QT-87(60/HR-1)] (49) .
The data were compared using ANOVA for repeated measures (NCSS Statistical Software, Kaysville, UT). For example, the effects the n-3 PUFAs on resting HR and HRV were analyzed using a two-way ANOVA [pre-post (2 levels) ϫ dose (4 levels)] with repeated measures on one factor (pre-post) measures. In a similar fashion, the effects of n-3 PUFAs on the HR and HRV response to either submaximal exercise or the coronary artery occlusion at rest were analyzed using a three-factor ANOVA [pre-post (2 levels) ϫ dose (placebo vs. n-3 PUFA) ϫ time (exercise 7 levels or occlusion 6 levels) with repeated measures on two factors (pre-post and time)]. The effect of n-3 PUFA on ECG variables before and 60 s after coronary occlusion were evaluated using a three factor [pre-post (2 levels), dose (2 levels), and occlusion time (2 levels)] ANOVA with repeated measures on two (pre-post and occlusion time) factors. Homogeneity of covariance (sphericity assumption, equal correlates between the treatments) was tested using Mauchley's test and, if appropriate, adjusted using Huynh-Feldt correction. RBC and cardiac tissue lipid compositions were compared using a two-factor ANOVA with repeated measures on one factor (pre-post) or a one-factor ANOVA, respectively. If the F value exceeded a critical value (P Ͻ 0.05), post hoc comparisons of the data were then made using Tukey-Kramer multiple comparison test.
RESULTS

Effect of n-3 PUFA on RBC and Cardiac Tissue Fatty Acid Content
In agreement with our previous study (11) , n-3 PUFA supplements elicited a dose-dependent (dose effect, pre-post, and dose ϫ pre-post interaction all; P Ͻ 10 Ϫ6 ) increases in RBC membrane EPA, DHA, and the omega-3 index (EPA ϩ DHA) compared with the placebo-treated animals ( Table 1) . Thus n-3 PUFA treatment (all 3 doses) increased RBC n-3 PUFA content while lipid composition did not change during the 3-mo study in the placebo-treated dogs. In a similar manner, cardiac tissue n-3 PUFA content was significantly higher (P Ͻ 10
Ϫ6
, all 3 doses) in n-3 PUFA compared with the placebo-treated animals ( Table 2) .
Effect of n-3 PUFA on Resting HR and HRV
As n-3 PUFA have been reported to elicit different responses in males than in females (17) , the effect of gender was first evaluated. There were no significant gender differences in HR (P ϭ 0.69) or HRV (HF, P ϭ 0.91; SD, P ϭ 0.30) before or after the 3-mo treatment period. Therefore, these data have been combined in all subsequent analyses. The effects of placebo and the n-3 PUFA treatment on resting (i.e., obtained while the animals were standing waiting for the onset of exercise) HR and HRV are displayed in Fig. 2 . HR decreased (pre-post effect, P Ͻ 0.006) and HRV [either HF, P Ͻ 0.008, or SD, P Ͻ 0.0006] increased after 3 mo of treatment while these variables did not change during the 3-mo duration of the study in the placebo (P ϭ 0.98) treated group. All three n-3 PUFA doses elicited similar reductions in HR, and increases HRV such that there were no significant differences noted between these treatments (i.e., no significant dose effect: HR, P ϭ 0.51; HRV: HF, P ϭ 0.66, SD, P ϭ 0.80 or dose ϫ pre-post interaction: HR, P ϭ 0.28; HRV: HF, P ϭ 0.42, SD, P ϭ 0.10 ).
Sham (no infarction) dogs: n-3 PUFA treatment (4 g/day) elicited reductions in HR (pre 124. 
Effect of n-3 PUFA on the ECG Variables, HR, and HRV Response to Acute Myocardial Ischemia
As with resting values, each dose of n-3 PUFA elicited similar changes in the HR and HRV responses to the 2-min coronary artery occlusion (no significant dose effect: HR, P ϭ 0.63; HRV: HF, P ϭ 0.54, SD, P ϭ 0.10). Therefore, the n-3 PUFA data for all three doses have been combined in the subsequent analyses. The effects of placebo and the n-3 PUFA treatment on the HR and HRV (HF only) response to the acute myocardial ischemia are displayed in Fig. 3 , while the effects of the coronary occlusion on ECG variables are listed in Table 3 . The coronary occlusion provoked significant increases in HR (P Ͻ 10
Ϫ6
) and the descending portion of the T wave ). No other ECG variable was affected by the ischemia. The n-3 PUFA treatment (but not placebo) elicited significant reductions in HR (P Ͻ 0.004) and increases in the PR interval (P Ͻ 0.0005), changes that were maintained during the coronary occlusion. Interestingly, preocclusion QTc interval increased in both the placebo and n-3 PUFA treatment (P Ͻ 10 Ϫ5 ) at the end of the 3-mo treatment period compared with values obtained before the treatment began.
In agreement with previous studies (3, 18) , the coronary occlusion significantly increased HR (occlusion time effect, P Ͻ 10 Ϫ6 ) and decreased both indexes of HRV (occlusion time effect, P Ͻ 10
) in the placebo and in the n-3 PUFA-treated animals. HR was significantly lower (pre-post, P Ͻ 0.0005), and both HF (pre-post, P Ͻ 0.00004) and SD (data not shown pre-post, P Ͻ 0.0008) were higher during the coronary occlusion after n-3 PUFA treatment compared with values obtained before the treatment. However, the absolute change in these variables induced by myocardial ischemia (⌬HR pretreatment 31.8 Ϯ 4.1 vs. posttreatment 28.1 Ϯ 4.5 beats/min; ⌬HF pre Ϫ3.6 Ϯ 0.4 vs. post Ϫ2.9 Ϯ 0.4 ln ms 2 ; ⌬SD pre Ϫ43.8 Ϯ 5.1 vs. post Ϫ30.3 Ϯ 4.8 ms) was not altered by the n-3 PUFA treatment (pre-post ϫ time interaction: HR, P ϭ 0.70; HF, P ϭ 0.11; SD, P ϭ 0.15). Thus n-3 PUFA treatment elicited a downward shift in resting HR and an upward shift in the resting HRV but did not alter the magnitude of the change in these variables that was induced by the coronary artery occlusion (i.e., the response to the coronary occlusion per se was not affected by the treatment). Similar results were obtained for the sham n-3 PUFA-treated dogs (data not shown).
In contrast to the results from the n-3 PUFA treatment, neither HR (pre-post, P ϭ 0.83), nor the HF component of R-R interval variability (pre-post, P ϭ 0.20), nor the SD of R-R interval (pre-post, P ϭ 0.14) was different before and at the end the placebo treatment period. The change in these variables was also similar before and at the end of the placebo treatment (pre-post ϫ time interaction: HR, P ϭ 0.98; HF, P ϭ 0.57; SD, P ϭ 0.67).
Effect of n-3 PUFA on the HR and HRV Response to Submaximal Exercise
As with resting values, each dose of n-3 PUFA elicited similar changes in the HR and HRV responses to exercise (no significant dose effect: HR, P ϭ 0.88; HRV: HF, P ϭ 0.75, SD, P ϭ 0.83). Therefore, the n-3 PUFA data for all three doses have been combined in all subsequent analyses. As one would predict, exercise provoked large increases in HR (exercise level effect, P Ͻ 10 Ϫ6 ) that were accompanied by large reductions in HRV (exercise level effect, P Ͻ 10 Ϫ6 ). As these results confirm previous studies (3), these data are not presented. Rather, the major focus in the subsequent sections has been placed on the analysis of the effects of n-3 PUFA treatment on the HR and HRV response to exercise.
Submaximal exercise. The HR and HRV response to submaximal exercise before and after 3 mo of placebo or n-3 PUFA treatment are displayed in Fig. 4 . HR was significantly lower (HR, pre-post effect P Ͻ 0.03), and both HF (pre-post P Ͻ 0.02) and SD (data not shown pre-post P Ͻ 0.00004) were higher during exercise after n-3 PUFA treatment compared with values obtained before the treatment. In contrast, neither HR (pre-post HR, P ϭ 0.41) nor the SD of R-R interval (pre-post SD, P ϭ 0.62) was altered while HF increased at the end the placebo treatment period (pre-post, P Ͻ 0.02). The HF increase noted in the placebo-treated animals was similar to that noted in the n-3 PUFA-treated dogs (i.e., HF were not significantly different in placebo and n-3 PUFA-treated animals, P ϭ 0.66) while HR was significantly lower in the n-3 PUFA-treated as compared in the placebo-treated dogs (P Ͻ 0.03). 2 ) provoked by exercise were not affected by the n-3 PUFA Fig. 2 . Effect of increasing doses of dietary omega-3 polyunsaturated fatty acids (n-3 PUFAs) on baseline heart rate and heart rate variability. Data were obtained at rest and the last 30 s before the onset of a submaximal exercise test. Vagal tone index is the high frequency component of the R-R interval variability (0.24 to 1.04 Hz). SD, standard deviation of the R-R interval; pre, before placebo or n-3 PUFA treatment began; post, after 3 mo of treatment. Placebo (n ϭ 19), 1 g/day n-3 PUFA (n ϭ 6), 2 g/day n-3 PUFA (n ϭ 12), and 4 g/day n-3 PUFA (n ϭ 22) are shown. Each 1-g capsule of n-3 PUFA contained 465 mg ethyl eicosapentaenoate (EPA) ϩ ethyl docosahexaenoate (DHA) 375 mg while the placebo contained corn oil (1 g, 58% linoleic acid ϩ 28% oleic acid). *P Ͻ 0.01, posttreatment vs. the corresponding pretreatment values. treatment (no significant pre-post ϫ exercise level interaction: HR, P ϭ 0.72; HF, P ϭ 0.97). In contrast, exercise elicited a significantly (pre-post ϫ exercise level interaction P Ͻ 0.02) greater reduction in SD; following n-3 PUFA treatment resting SD increased (pre 54.4 Ϯ 3.6 vs. post 72.9 Ϯ 5.4 ms) but declined to a similar value at the final stage of exercise both before and after the n-3 PUFA treatment (pre 13.2 Ϯ 1.1 vs. post 15.6 Ϯ 1.3 ms). Thus n-3 PUFA produced a shift in the preexercise values of HR, HF, and SD that was maintained throughout the exercise period. This treatment either did not alter (HR and HF) or actually increased (greater change in SD, pre Ϫ41.2 Ϯ 3.5 vs. post Ϫ57.3 Ϯ 5.0 ms) the magnitude of the change in these variables that was induced by exercise. In other words, the response to exercise per se was not affected by the treatment. These data suggest that the HR reductions induced by n-3 PUFA did not result solely from changes in cardiac parasympathetic regulation. Similar results were obtained for the sham n-3 PUFA-treated dogs. HR was decreased and both HF and SD were increased at rest and during exercise by n-3 PUFA treatment (data not shown).
Exercise onset. The changes (from preexercise levels) in HR and HRV (HF component) provoked by onset of exercise before and after 3 mo treatment with either the placebo or n-3 PUFA are displayed in Fig. 5 . HR was significantly lower (HR, pre-post effect P Ͻ 0.04), and both HF (pre-post, P Ͻ 0.02) and SD (data not shown pre-post, P Ͻ 0.0002) were higher during the onset of exercise after n-3 PUFA treatment compared with values obtained before the initiation of the treatment. In contrast, neither HR (pre-post, P ϭ 0.27), HF (prepost, P ϭ 0.77), nor the SD of R-R interval (pre-post, P ϭ 0.74) was different before and at the end of the placebo treatment period. In a similar manner, the change in HR, HF, and SD provoked by exercise were not affected by either the n-3 PUFA treatment (no significant pre-post ϫ exercise level interaction: HR, P ϭ 0.39; HF, P ϭ 0.16; SD, P ϭ 0.10) or the placebo treatment (no significant pre-post ϫ exercise: HR, P ϭ 0.28; HF, P ϭ 0.70; and SD, P ϭ 0.78). Thus, although n-3 PUFA produced a shift in the baseline (preexercise onset) values of HR, HF, and SD, this treatment did not alter the change in these variables induced by the onset of exercise. Fig. 3 . Effect of n-3 PUFAs on the heart rate and heart rate variability response to acute myocardial ischemia (2-min left circumflex coronary artery occlusion). As there were no significant differences noted between the various n-3 PUFA doses, these data have been combined. Dietary n-3 PUFA, but not the placebo, produced a significant downward shift of the heart rate response that was accompanied by an upward shift in the high frequency component of the R-R interval variability (vagal tone index: 0.24 -1.04 Hz; i.e., significant pre-post treatment effect). Despite the shifts in the curves, the absolute change in these variables induced by the occlusion was not altered before or after the treatment (i.e., there was no significant pre-post treatment ϫ ischemia interaction). Placebo (n ϭ 15) and n-3 PUFA (1-4 g/day, n ϭ 39) are shown. Pre, before treatment began; post, after 3 mo of treatment; C, control preocclusion; R, recovery postocclusion.
Similar results were obtained for the sham n-3 PUFA-treated dogs (data not shown).
Exercise recovery. The changes in HR and HRV (HF) recovery following the termination of exercise before and after 3-mo treatment with either the placebo or n-3 PUFA are displayed in Fig. 6 . Placebo treatment did not affect the recovery of HR (pre-post, P ϭ 0.89), HF (P ϭ 0.11), or SD (P ϭ 0.74) following the termination of exercise. In contrast, HR declined more rapidly (i.e., a faster recovery, HR pre-post P Ͻ 0.001) after n-3 PUFA treatment compared with values obtained before the initiation of the treatment. The faster HR recovery from exercise after n-3 PUFA treatment was accompanied by a greater increase in SD (pre-post, P Ͻ 0.001) but not HF (pre-post, P ϭ 0.10). In a similar manner, absolute change in HR (pre-post ϫ time interaction P Ͻ 0.05) and in SD (pre-post ϫ time interaction, P Ͻ 0.03) following the termination of exercise were greater, while HF (no significant pre-post ϫ time interaction, P ϭ 0.99) was not altered by n-3 PUFA treatment compared with values obtained before n-3 PUFA treatment. Similar results were obtained for the sham n-3 PUFA-treated dogs (data not shown).
DISCUSSION
The present study investigated the effects of dietary n-3 PUFA (1-4 g/day for 3 mo) on HR and HRV both at rest (baseline conditions) and during physiological stress (exercise or acute myocardial ischemia). The major findings of the study are as follows: first, and in agreement with previous studies (11, 26) , the n-3 PUFA treatment elicited dose-dependent increases in both RBC and cardiac (right atrial and left ventricular) tissue DHA and EPA content. Second, n-3 PUFA treatment induced reductions in resting HR that were accompanied by increases in HRV. Third, these changes were maintained during a physiological challenge (the peak values obtained during the stimulus were lower after n-3 PUFA treatment compared with values reached before the treatment began). However, the absolute magnitude of the change in HR and HRV provoked by either exercise or acute myocardial ischemia was not altered by n-3 PUFA treatment and was similar to that recorded for the placebo. In other words, the n-3 PUFA treatment produced parallel shifts in the response to either exercise or the coronary occlusion due to changes in resting (prechallenge) HR and HRV. These data suggest that reductions in intrinsic pacemaker rate rather than enhanced cardiac parasympathetic activity may be responsible for the n-3 PUFA-induced changes in HR. Fourth, a more rapid HR recovery following the termination of exercise was noted after n-3 PUFA treatment compared with placebo-treated animals. However, this faster HR recovery was not accompanied by corresponding increases in the HF component of R-R interval variability, data that would also suggest that cardiac vagal regulation was not affected by the n-3 PUFA treatment. Finally, similar HR and HRV changes were noted in sham (noninfarcted animals), and as such, the n-3 PUFA changes are not restricted to individuals with preexisting cardiac damage.
Effect of n-3 PUFA on Resting HR and HRV
In agreement with the present study, a number of clinical (15) (16) (17) and experimental studies (11, 31, 33, 34) report that n-3 PUFA ingestion or acute intravenous administration (9) lower HR and increase HRV, suggestive of an increase in cardiac parasympathetic regulation. The PR interval also increased following n-3 PUFA treatment in the present study, data also consistent with a parasympathetically mediated reduction in atrioventricular nodal conduction. However, there are also studies in which n-3 PUFA failed to alter either HRV or other measures of autonomic function (22, 24, 45) , such as baroreceptor sensitivity (22) . Furthermore, even in the studies that reported a positive action of n-3 PUFAs on HR or HRV, the effect was often quite small (36 -38) . For example, a meta-analysis of 30 trials found that fish oil supplements (ϳ3.5 g/day of EPA ϩ DHA) reduced baseline HR by 2.5 beats/min (38), while Mozaffarian et al. (37) reported that individuals with the highest fish consumption (Ն5 meals per weak) only exhibited 1.5-ms greater HRV compared with those with the lowest fish consumption. Although this difference was statistically significant, such a small change in resting HRV is not likely to be physiologically relevant. Indeed, these investigators calculated that only a 1.1% reduction in the relative risk for sudden cardiac death could be associated with this very modest increase in HRV (37) . However, these small changes could have important consequences if they are maintained during a physiological stressor such as exercise or acute myocardial ischemia. Reductions in HR would reduce metabolic demand placed on the heart particularly when oxygen supply is compromised by coronary artery lesions/obstructions. The resulting better match between oxygen supply and oxygen demand would, indirectly, decrease the risk for adverse cardiac events associated with myocardial ischemia. In fact, individuals with the lowest resting HRs also exhibited the lowest long-term (Ͼ20 yr) mortality rate (30) . Furthermore, the beneficial effects of ␤-adrenergic receptor antagonists, the most effective anti-arrhythmic medication, have been attributed to the negative chronotropic actions of these drugs (27) . 
Effect of n-3 PUFA on HR and Heart Variability Response to Myocardial Ischemia
As far as we are aware, the present study provides the first description of the effects of dietary n-3 PUFAs on the HR and HRV response to acute myocardial ischemia in intact unanesthetized preparations. As expected from previous studies (3, 18) , the coronary artery occlusion elicited a robust HR increase that was accompanied by a rapid withdrawal in parasympathetic regulation as indicated by the decline in both total R-R interval variability (SD) and the HF component of R-R interval variability. However, despite alterations in preocclusion HR and HRV, the cardiac response to coronary artery occlusion was not altered by the n-3 PUFA treatment. The n-3 PUFA treatment produced parallel shifts in the coronary occlusion response curves (due to changes in the preocclusion HR and HRV), but the magnitude of the change in these variables was not altered by the n-3 PUFA treatment. As the robust autonomic response to the coronary occlusion was not altered, the changes in preischemic HR and HRV induced by the n-3 PUFA may be insufficient to prevent malignant changes in the cardiac rhythm. Indeed, the results from the present study are analogous to those obtained following treatment with low doses of the cholinergic antagonist atropine (23) . With the use of the same canine model of myocardial infarction, low-dose atropine decreased baseline HR and increased HRV but, as in the present study, did not alter the response to myocardial ischemia (23) . This intervention also failed to prevent the induction of ventricular fibrillation (23) . In marked contrast, however, exercise training not only Fig. 4 . Effect of n-3 PUFAs on the heart rate and heart rate variability response to submaximal exercise. As there were no significant differences noted between the various n-3 PUFA doses, these data have been combined. Dietary n-3 PUFA, but not the placebo, produced a significant downward shift of the heart rate response curve that was accompanied by an upward shift in the high frequency component of the R-R interval variability (vagal tone index: 0.24 to 1.04 Hz; i.e., significant pre-post effect). Despite the shifts in the curves, the absolute change in these variables induced by the exercise was not altered before or after the treatment (i.e., there was no significant pre-post treatment ϫ exercise interaction). Data were averaged over the last 30 s of given exercise level. Exercise levels were as follows: 1 ϭ 0 kph and 0% grade; 2 ϭ 4.8 kph and 0% grade; 3 ϭ 6.4 kph and 0% grade; 4 ϭ 6.4 kph and 4% grade; 5 ϭ 6.4 kph and 8% grade; 6 ϭ 6.4 kph and 12% grade; 7 ϭ 6.4 kph and 16% grade. Pre, before placebo (n ϭ 16) or n-3 PUFA (1-4 g/day, n ϭ 35) treatment began; post, after 3 mo of treatment.
improved resting HR and HRV but also dramatically reduced the response to coronary occlusion and completely suppressed the formation of malignant ventricular tachyarrhythmias (7). When considered together, these results strongly suggest that, to be effective, an intervention must enhance cardiac parasympathetic regulation during myocardial ischemia; resting changes alone may be insufficient to protect against malignant arrhythmias.
Effect of n-3 PUFA on HR and Heart Variability Response to Exercise
In the present study, dietary n-3 PUFA treatment also elicited similar parallel shifts in the HR and HRV in the exercise HR and HF response curves as was noted during the coronary occlusion. However, exercise elicited a greater reduction in the SD in R-R interval following n-3 PUFA treatment, and preexercise SD increased but declined to a similar value at the final stage of exercise both before and after the n-3 PUFA treatment. Interestingly, the HF component of R-R interval variability exhibited a small but significant increase at the end of the 3-mo placebo period, an increase similar to that noted after n-3 PUFA treatment. Despite these similar changes in HF, the HR response to exercise was reduced in n-3 PUFA compared with placebo-treated dogs. These data suggest that the HR reductions induced by n-3 PUFA did not result solely from changes in cardiac parasympathetic regulation. In contrast to these n-3 PUFA findings, an endurance exercise training program (10-wk treadmill running) both improved resting HR and HRV and attenuated the cardiac response to submaximal exercise in the same canine model as was used in the present study (7, 8) .
There are relatively few studies that evaluated the effects of n-3 PUFA on the response to exercise in humans (13, 39, 40,  43 ). In agreement with the present study, dietary fish oil Fig. 5 . Effect of n-3 PUFAs on the change in heart rate and heart rate variability in response to the onset of submaximal exercise. As there were no significant differences noted between the various n-3 PUFA doses, these data have been combined. As indicated in Fig. 4 , dietary n-3 PUFA, but not the placebo, produced a significant downward shift of the heart rate response that was accompanied by an upward shift in the high frequency component of the R-R interval variability (vagal tone index: 0.24 -1.04 Hz; i.e., significant pre-post treatment effect). Despite the shifts in the curves, the absolute change in these variables induced by the exercise was not altered before or after the treatment (i.e., there was no significant pre-post treatment ϫ exercise onset interaction). Placebo (n ϭ 16) and n-3 PUFA (1-4 g/day, n ϭ 35) are shown. Pre, before treatment began; post, after 3 mo of treatment.
supplements (8-wk, 8 g/day) produced HR reductions both at rest and at peak workload in well-trained men (bicyclists) during submaximal exercise (43) . In a similar manner, fish oil (5-wks, 6 g/day) reduced HR during exercise in a group of Australian rule football players (13) . Finally, fish oil supplements (12 wk, 6 g/day DHA-rich tuna oil) produced small reductions in baseline HR and larger reductions in HR with increasing workload in sedentary overweight adults (39) . Unlike the previous clinical studies (13, 40, 43) , these investigators also evaluated the effects of the interventions on HRV (39) . The fish oil supplement also increased the HF component of HRV both at rest and during exercise. The changes in HR and HRV induced by the fish oil supplements were similar to those recorded in a group of exercise-trained subjects (39) . The authors concluded that fish oil supplements "reduced HR and modulated HRV in keeping with an improved parasympatheticsympathetic balance in overweight adults" (39) . These latter results contrast somewhat with the present study, in that the tuna oil supplements induced modest changes in baseline HRV and HR but also attenuated both the HR and the HRV responses to exercise. Species (dog vs. human) may account for the seemingly disparate results.
Analysis of the HR and HRV response to the onset and recovery from exercise can also provide insight into cardiac autonomic regulation (4, 47) . Although preexercise onset HR decreased and HRV increased at the end of the 3-mo n-3 PUFA treatment, the changes in these variables that were induced by exercise onset were similar both before and after treatment. As far as we are aware, no other studies (either in humans or animals) have evaluated the effects of n-3 PUFA on the cardiac response to the onset of exercise. Once again, the findings reported in the present study contrast with the results obtained following a 10-wk exercise training program (8) . Exercise training significantly attenuated the increase in HR but did not alter the reductions in HRV, elicited by the onset of exercise, data that suggest that cardiac sympathetic rather than cardiac parasympathetic response to exercise onset was reduced following exercise training (8) .
In contrast to the response to exercise onset, n-3 PUFA treatment altered both the HR and SD of R-R interval recovery Fig. 6 . Effect of n-3 PUFAs on the change in heart rate and heart rate variability following the termination of submaximal exercise. As there were no significant differences noted between the various n-3 PUFA doses, these data have been combined. Heart rate more rapidly declined following the termination of exercise after the n-3 PUFA but not in the placebo-treated dogs. In contrast to what was noted during exercise onset, the absolute changes in heart rate following the termination of exercise were greater after dietary n-3 PUFA treatment (i.e., significant pre-post treatment ϫ exercise recovery interaction). However, the more rapid decline in heart rate was not accompanied by an upward shift in the high frequency component of the R-R interval variability (vagal tone index: 0.24 -1.04 Hz; i.e., no significant pre-post treatment ϫ exercise recovery interaction). Placebo (n ϭ 16) and n-3 PUFA (1-4 g/day, n ϭ 35) are shown. Pre, before treatment began; post, after 3 mo of treatment. *Posttreatment vs. the corresponding pretreatment time interval.
following termination of exercise. In agreement with human studies (40) , HR declined more rapidly (i.e., a faster recovery), which was accompanied by a greater increase in total R-R interval variability but not the HF component of this variability (an index of cardiac parasympathetic activity) after n-3 PUFA treatment compared with values obtained before the initiation of the treatment. Thus the absolute changes in HR and the SD of R-R interval following the termination of exercise were greater, while the HF component of HRV was not altered by n-3 PUFA treatment compared with values obtained before n-3 PUFA treatment. Since the HF component of R-R interval variability was not altered by n-3 PUFA treatment, the faster return to baseline after termination of exercise in the n-3 PUFA-treated animals probably did not result as a consequence of a faster reactivation of cardiac parasympathetic activity but rather may reflect either changes in the intrinsic pacemaker rate or cardiac sympathetic activity.
Possible Mechanism of Action
The mechanisms responsible for the n-3 PUFA-induced decreases in HR and increases in HRV were not investigated in the present study and remain to be determined. However, there are at least two possible explanations for these observations: HR reductions could result from changes in cardiac autonomic regulation (enhanced parasympathetic and/or reduced sympathetic activity) and/or from alterations in intrinsic pacemaker rate. In the present study, the prechallenge (exercise or coronary occlusion) HF component of the R-R interval variability increased following 3 mo of n-3 PUFA treatment. Although there are limitations with this index (2, 28, 42) , it is now generally accepted that it can provide an indirect and qualitative assessment of cardiac parasympathetic regulation (2, 48) . As such, the reduction in HR that accompanies n-3 PUFA treatment could reflect an enhanced parasympathetic efferent (either of central or peripheral origin) regulation of the heart. However, as has been noted, both exercise and coronary artery occlusion elicited similar changes in HRV before and after n-3 PUFA treatment. The parallel shifts in the HRV response curves after n-3 PUFA treatment are more consistent with reductions in the intrinsic pacemaker rate than with alterations in autonomic neural regulation. If parasympathetic activity had been enhanced or sympathetic activity reduced following n-3 PUFA treatment, then one would expect smaller changes in HR and HRV during physiological interventions (as was the case following endurance exercise training; Refs. 7, 8) rather than similar changes as noted in the present study. Furthermore, an accelerated HR recovery was noted after n-3 PUFA without corresponding changes in HF power. Finally, despite similar changes in HRV, the peak HR response to exercise was attenuated in the n-3 PUFA treated but not in the placebotreated dogs. When considered together, these data suggest that intrinsic changes in pacemaker rate may play a more important role in n-3 PUFA-induced HR reductions than do changes in cardiac autonomic regulation. Indeed, n-3 PUFA have been recently reported to reduce the pacemaker current (I f ) in sinoatrial node cells obtained from rabbits fed diets enriched with fish oil but not in cells isolated from the hearts of animals fed sunflower oil (50) .
Limitations of the Study
In the present study, cardiac vagal nerve activity was not directly recorded. Cardiac parasympathetic regulation was only indirectly evaluated using noninvasive markers of HRV. Although a number of studies provide strong evidence that beat-to-beat fluctuation in HR reflect corresponding changes in cardiac parasympathetic regulation (2, 48) , an accurate assessment of nerve activity can only be obtained from direct nerve recordings. As such, HRV data should always be interpreted with care. Second, previous studies (10, 11) demonstrate that ventricular function is not altered by myocardial infarction in the canine model used in the present study. As such, one might speculate that the potential benefits of dietary n-3 PUFA on cardiac autonomic regulation could be more obvious in individuals with more severe cardiac impairment. To the best of our knowledge, there have not been any studies that have evaluated the effects of dietary n-3 PUFA on the HRV response to exercise or acute myocardial ischemia in patients with impaired cardiac function. Future investigation will be required to determine if n-3 PUFA exhibit greater effects in these patient populations. Third, selecting an appropriate dose can prove to be problematic when comparing across species of different sizes. In the present study, if one adjusts dose by body surface area, then the 1, 2, and 4 g/day dose would be equivalent to ϳ1.5, 4.9, and 9.4 g/day in human subjects. As such, these doses are somewhat higher than the dose (1 g/day) most commonly used in secondary prevention trials. However, doses up to 8 g/day n-3 PUFA have been used to evaluate the effect of n-3 PUFA on HRV in human subjects (43) . In addition, n-3 PUFA treatment in the present study yielded RBC membrane concentrations within the range that were associated with a significant reduction in the risk for sudden cardiac death in epidemiological studies (1) . Specifically, Albert et al. (1) found that a mean RBC concentration of 6.9% was associated with a 90% reduction in the risk for sudden death, a value that compares favorably to that obtained in the present study (after 3 mo, the 4 g/day treatment RBC concentration was ϳ7.1%). Finally, although dogs and humans exhibit a similar cardiac autonomic regulation (46) , species difference could also contribute to responses differences. One must always use caution when extrapolating results between species.
Conclusions and Future Directions
In the present study, dietary n-3 PUFA (DHA ϩ EPA ethyl esters, 1-4 g/day for 3 mo) elicited dose-independent reductions in baseline HR that were accompanied by increases in HRV in dogs with and without healed myocardial infarctions. However, n-3 PUFA treatment did not alter the robust autonomic response (identical increases in HR and decreases in HRV before and after treatment) induced by either exercise or, more importantly, by myocardial ischemia. Furthermore, HR recovery following exercise was faster after n-3 PUFA without corresponding changes HF power and the peak HR obtained during exercise was lower in n-3 PUFA-treated dogs compared with placebo-treated animals despite similar HRV changes. When considered together, these data suggest that changes in cardiac autonomic regulation are not solely responsible for n-3 PUFA-induced changes in HR; alterations in the intrinsic pacemaker rate also contribute to the chronotropic actions of these fatty acids.
If n-3 PUFA-induced changes in intrinsic pacemaker rate are responsible for (or at least contribute to) the HR reductions associated with this treatment, then one can make several predictions. In vivo: 1) One would predict that selective antagonists of the pacemaker current (I f ) should elicit parallel shifts in the HR response to exercise or coronary occlusion similar to those noted in the present study. In fact, Zatebradine reduced both the resting HR and the HR at the end of each stage of an exercise stress test (21) . 2) One would predict that after complete cardiac autonomic neural blockade, HR would be lower in n-3 PUFA treated than in placebo-treated subjects. If, however, intrinsic rate is not altered by this intervention, then alterations in autonomic regulation could play an important role in mediating the HR reduction following n-3 PUFA treatment. In vitro: 3) One would predict a reduced I f current density in sinus nodal myocytes obtained from n-3 PUFAtreated dogs similar to that which has been reported in rabbit preparations (50) . 4) This reduced pacemaker current could result from either reduced expression of the pacemaker channel (i.e., reduced HCN protein content) or from the posttranslational modification of this protein (trafficking, phosphorylation, oxidation, etc). 5) In contrast, if the HR reduction resulted from increased parasympathetic activity, then one would expect an increase in the acetylcholine-activated potassium current (I K-ach ) accompanied by an increased expression of this channel protein and/or the muscarinic (M 2 ) receptors (and associated signaling pathway proteins). The determination of the relative contribution of putative changes in intrinsic pacemaker rate and cardiac autonomic regulation to n-3 PUFAmediated reductions in HR will require further investigation.
